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SUMMARY 

Arobutopsis thaliana floral meristems are_ Mm-M 
emigres that produce a defined number of organs, alter 
S SoTceases. A new recessive mutant, carpel 
wh ch cell division c meristems to an 

»ko show other defects, including absence of axillary 

^florescence meristems, and abnormally shaped leaves and 
inflorescence menstem*, and found t0 

SeT^P^^™ amino acids containing 



an N-terminal DExH/DEAD-box type RNA hehcase 
5Ll at™ "hed «o a C-terminal RNaseffl-like domanu A 
STmaar protein of unknown function is encoded by a 
fun^l and an animal genome. »^ JS«J« 
nvolved in a number of processes, including specific mRNA 
o 2£& art mRNA splicing. RNase III protems are 
nvolved in the processing of rRNA and some mRNA 
molecules. Thus CAF may act through some type of RNA 
nrocessinE event(s). CAF gives rise to two major transcripts 
KTand 6-2 kb. In situ hybridisation experiments show 
that CAF RNA is expressed throughout all shoot tissues. 

Key words- Flower development, Meristem determinacy, RNaseHI. 
Heliease. Arabidopsis thaliana, carpet factory (caf) 



INTRODUCTION 

Shoot apical meristems of angiosperms are the ultimate source 
snoot api«-.»i crnictures These meristems inmate leaves, 
a iC meltms a^flo^ meristems, while continually 
SSnST. Pool of undifferentiated ceUs (Sieves and 
Sussex 1989). In Arabidopsis thaliana the shoot apical 
Stem is indeterminate, with floral n^jjjjjm^ 
continuing until senescence. Several genes affecung shoot 
Sstem function have been ^^Jf, 1 ^ 
Mutations in the CUVATA (CLV) f^ CLV] ; n ^ r ^. 
CLV3) lead to an over-proliferation of menstem cells (Cla k et 
5 1993 1995; Alvarez and Smyth. 1994; Kayes and Clark, 
too* Fletcher ei al 1999). while mutations in the 
Toomm^BMLtsS (STM). and WUSCHEL (^5) loci 
cause defects in meristem maintenance (Barton and Poethig, 

'^Xo^E- meristem differs from *e shoot 
apical meristem both in the type of organs produced floral 
meristems produce sepals, petals, stamens and carpels) and . ta 
^determinate nature. Several genes have been shown to affect 
flomTrnSLm identity, and mutations in these genes lead to 
a partial conversion of the flower menstem mto a shoot 



meristem. In particular, LEAFY (LFY) and APETAIAJ (API) 
mutations produce some loss of floral menstem .denaty and a 
partial loss of determinacy, and double mutant combina ion of 
LFY and API lead to a greatly enhanced loss (HuaW and 
Sussex 1992; Weigel ei al. 1992; Bowman et al., 1993). In 
addition, several mutations affecting apical meristem structure 
affect floral meristem structure in the same way with clvl 
clv2 and clv3 mutations resulting in over-prohferation and 
partial loss of determinacy in the floral menstem and 
mutations in WUS and STM resulting in a loss of organ., 
esDecially in the inner whorls. 

Other genes have been shown to affect floral menstem 
determinacy while not affecting apical meristem development 
Mutations in SUPERMAN (SUP) lead to increased number of 
aamens and carpels, while ACAMOUS(AG) mutants show 
many extra whorls of sepals and petals (Bowman et al., 1991, 
1992; SchultzetaL 1991). 

Most of these genes have been cloned; some are putative 
transcription factors while others seem to be involved I in cell 
to cell signaling processes. AG and API encode MADS-Box 
Jpe "ans g cri P tioVfactors (Yanofsky et a,.. £ M»ndel etaL 
1992) SUP encodes a zinc-finger protein (Sakai et al., 
STM and WUS encode homeodomain proteins (Long ct ai., 
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1996- Mayer ei al., 1938), LFY encodes a new type of 
transcription factor (Parcy et al., 1998), CLV1 encodes a 
transmembrane leucine-rich repeat receptor kinase (Clark ct 
al 1997), and CLV3 may encode its ligand (Fletcher ct al., 
1999). Though it seems likely that these genes act through 
regulation of downstream genes involved in the control of cell 
division and differentiation functions, none of these target 
eenes nor the specific mechanisms involved are known. 

We have identified the CARPEL FACTORY (CAF) gene, 
which plays a role in floral meristem determinacy. caf mutant 
flowers show extra stamens and carpels, reminiscentoTjw^ 
mutants, but also show organ morphogenesis defects *Fhe CAF 
aene encodes a protein with similarities to both DExH/DEAD- 
box type RNA helicases and RNaselll proteins, suggesting a 
mechanism for control of floral meristem proliferation. The 
Schizosaccharomyces pombe and Caenorhabditis eleguns 
gnomes both contain a gene coding for a protein highly 
similar to that encoded by CAF, indicating that CAF-type 
RNAse III-helicase proteins may play a role in many 
eukaryotic organisms. 



MATERIALS AND METHODS 
Mutant isolation and analysis 

The caf mutant was isolated in a screen of mutants generated by 
A$rob<ictenum utmefaciens-medlzied transformation of Ambidopsis 
ihaliana seeds of ecotypc Wassilewskija (Fcidmann. 1992). 
Phenotypic and genetic analysis of caf was carried out both in the 
Wassilewskija background and in a line of caf that had been 
backcrossed to the Ur ecotype five times. The phenotypc was 
similar in both backgrounds. The c«/ phenotype did not seem to be 
qualitatively different when grown at 16°C, 23°C. or 29°C All of 
the reported analyses of this mutant was carried out at 23°C. Plants 
were sown in a 1:1:1 mixture of vermiculite:perlite;soiL grown 
under constant illumination, and watered periodically with a dilute 
solution of Miracle Crow (20:20:20) plant fertilizer. Scanning 
electron microscopy (SEM) was performed as described by Bowman 
ct al. (1989). Confocal laser scanning microscopy was performed as 
described by Running et al. (1995), Negatives and slides were 
scanned and digitized using Nikon Coolscan slide scanner. 
Brightness, contrast and color balance were adjusted using Adobe 
Photoshop 3.0 and figures were printed using a Kodak 8300 digital 
printer. 

CAF gene cloning 

Genomic DNA was extracted from plants homozygous for caf 
partially digested with 5««3A1. partially filled with dGTP and dATR 
cloned into the partially filled Xhol site of lambdaGem- 1 1 (Promega), 
and packaged with Gigapack II Gold packaging extracts (Stratagene). 
The cDNA library used was constructed from floral mRNA (Weigel 
et a!., 1992). The longest cDNA (cDNA8) contained 2558 bp of 
sequence corresponding to the 3' half of the full cONA sequence. 
Three separate rounds of 5' PCR-RACE were performed using a kit 
(GIBCO-BRL) as outlined in the manufacturer's instructions. 

A C/45-containing cosmid clone (CosA) was obtained by 
screening a Wassilewskija genomic DNA library constructed in a 
pOCAI8 derivative which confers hygromycin resistance to 
transgenic plants (obtained from the Arabidopsis Biological 
Resource Center; Olszewski et al., 1988; Schulz et al.. 1995). The 
CosA clone was transformed into the Agmbacrcrium tumefaciens 
strain ASE. and whole plants were transformed using the vacuum- 
infiltration method (Bcchtold et. al.. 1993). Transgenic plants were 
then crossed to -caf mutant plants, and F? populations of these 



crosses were selected for iines which were homozygous for 
kanamycin resistance (and hence were homozygous for the caf 
mutation), and which were segregating for hygromycin resistance 
(3:1, hygromycin resistamihygromycin sensitive). Within these 
populations, all of the hygromycin-rcsistant plants showed a wild- 
type phenoivpe (an example is shown in Fig. 7B) while all of the 
hygromycin-sensitive plants showed the caf mutant phenotype, 
showing that CosA complements caf. Since CosA contained not only 
the CAF gene, but also an adjacent pyrophosphatase gene whose 3' 
end is very close to the T-DNA> there remained a remote possibility 
that the pyrophosphatase gene was also affected by the T-DNA, and 
that this could contribute to the caf phenotype. To rule out this 
possibility, we showed by RNA blot analysis that the size and 
abundance of a 1 kb transcript homologous to the pyrophosphatase 
gene was unaffected in the caf mutant. Furthermore. DNA sequence 
analysis showed that the pyrophosphatase gene in the ca/mutant has 
a sequence which is identical to that of wild-type WS plants. Thus, 
neither the structure nor expression of the pyrophosphatase gene are 
affected in caf 

For mapping, an EcoRl restriction fragment length polymorphism 
(RFLP) detected with CosA was mapped in a Ler x Columbia 
mapping population (Chang et al., 1988). For secondary confirmation, 
a Hindi RFLP contained within the hclicase domain of the CAF gene 
was mapped in a Niederzenz X Columbia mapping population. A 
similar map position was obtained. 

Southern blot analysis showed that the T-DNA insertion at the CAF 
locus is complex, consisting of multiple tandem copies of the T-DNA. 
The junction between the CAF gene and the T-DNA was determined 
by cloning and sequencing a 6.5 kb £coRI fragment of genomic DNA 
from a lambda clone isolated from the caf genomic library. This clone 
contained a region of CAF corresponding the RNascIIMike domain, 
up to amino acid 1836 of CAF (see insertion site shown m Fig. 7A) f 
adjacent to 493 bp of sequence homologous to the right border of (he 
T-DNA followed by 1684 bp of sequence homologous to the vector 
pBR322, followed by the Tm903, OCS3\ and Trn5-t'-2' portions of 
ihe T-DNA (Feldmann. 1992). 

CAF RNA expression 

To ensure that our DNA probes were specific for the CAF gene, wc 
tested two probes corresponding to the 5' and 3' ends of CAF, on 
Southern blots. The N-ierminal helicase probe was a 1809 bp 
PCR product corresponding to positions 475-2283 in the 5815 bp 
cDNA. The primers used to generate this product were JP237 
(5'AATAGGAAACGTACTCGTAATT) and JP236 (5'AATGT- 
ATGCCAGCACCGTCTT). The C-terminal RNaselll probe was a 
1838 bp PCR product corresponding to positions 3930-5767 in 
the cDNA- The primers used to generate this were JP12I 
(5'GTTTCTTCCACCTGAACTA) and JPI31 (5'CTACATCTCGT- 
TGAACAGAGTA). These probes were hybridized to filters 
containing genomic DNA cut with the restriction enzymes EcoRl, 
Xbal BgUl HtodUh Hindi or £a>RV, Only the fragments predicted 
from the CAF genomic sequence were detected. These Southern blots 
and the northern blots shown in Fig. 9 were prepared, hybridized, and 
washed under high stringency conditions as previously, described 
(Chang et al. 1988). 

In situ hybridization experiments were carried out using sense or 
antisense RNA probes synthesized with T7 or T3 polymerase from 
cDNA8 plasmid DNA that had been linearized with EcoRl or Xhol. 
The remainder of the in situ procedure was done' according to Drews 
et al. (1991), with modifications by Sakai ct al. (1995). These in situ 
hybridization experiments were canied out twice independently, with 
similar results. One of the experiments was carried out both in the 
presence and absence of 500 ng/ml polyuridyiic acid (Pharmacia 
Biotech, product number 27-4440). to ensure that the poly(A) tail on 
cDNA8 was not causing an increase in the background hybrids ;ni on. 
No difference in signal was observed between the poly(U) plus or 
minus treatments. 
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RESULTS 

carpel factory floral determinacy defects 

Durin" a screen of T-DNA mutagenized lines (Feldmann, 
1992)° for mutants with abnormal flower development, we 
found a recessive mutant with indeterminate flowers. The 
mutant gene was named CARPEL FACTORY {CAF). caf 
flowers show a lack of floral determinacy that is evident in both 
the third and fourth whorls. Wild-type Arabidopsts flowers 
produce four organ types, each occupying a separate whorl or 
concentric ring (Fig. 1A). The first whorl consists of four 
sepals, the second whorl contains four petals, the third whorl 
has six stamens, and the fourth or inner whorl is composed of 
two carpels which later fuse to form the gynoecium. ca/flowers 
contain a roughly normal number of sepals, petals, and stamens 
in the first three whorls (Fig. IB). However, most caf mutant 
flowers contain one or two extra stamens interior to the third 
whorl stamens (Fig. 1C), Occasionally, flowers contain 
multiple whorls of stamens (up to 40 stamens/flower have been 
observed) (Fig. ID). These defects are reminiscent of the sup 
mutant phenotype (Schultz et al, 1991; Bowman et al., 1992). 

The caf gynoecium is severely affected. While wild-type 
flowers produce a gynoecium consisting of two fused carpels 
(Fi°. IE), co/flowers typically consist of a gynophore (a region 
of fnternode elongation between the third and fourth whorl), 
and several sterile unfused carpels (Fig. IF). Usually, 
additional growth can be seen interior to the first whorl or 
carpels, forming structures which resemble carpels, carpelloid 
filaments, or filaments with no obvious floral character (Fig. 
1G) Occasionally, staminoid structures are also present 
amongst the carpels (Fig. 1G). These ectopic organs are 
produced at the flanks of a visible group of undifferentiated 
cells in the center of the caf floral meristem (Fig. 1H-J), 

Scanning electron microscopy of floral meristems shows that 
the region of cells in the fourth whorl is larger in caf flowers 
than in wild type (Fig, 2). Whereas wild-type floral meristems 
terminate in the development of two carpels (Fig. 2A), caf 

Fig. 1. carpel factory flowers produce extra stamens and carpels. 
(A) A wild-type Arabidopsis flower containing four sepals (Se), four 
petals (Pe), six stamens (St), and a gynoecium (Gy) composed of two 
fused carpels. (B) A typical caf flower containing four sepals, four 
petals and six stamens in (he first three floral whorls. (C) A caf 
flower with two sepals and two petals removed to reveal the stamens. 
Red arrow points to a stamen interior to the third whorl stamens. 
(D) A ctf/flower with all sepals and petals removed to reveal four 
whorls of stamens. This extreme stamen number phenotype is 
observed in about \% of the flowers. (E) A wild-type gynoecium 
consisting to two fused carpels. White arrow shows the abscission 
zone of the senesced organs of the first three whorls. (F) A caf 
mutant gynoecium showing a gynophore (red arrow) and three sterile 
unfused carpels. White arrow shows the attachment of the organs of 
the first three whorls (G) An older ca/flower in which the organs in 
the first three whorls have senesced and abscised. The gynoecium 
consists of a gynophore (white arrow), and many carpels and 
filamentous organs. Red arrow shows a stamen produced amongst the 
carpels. Blue arrow shows a filamentous organ. (H) A co/flower wiih 
an exposed meristem (red arrow). (I) Cross section of a wild-type 
flower stained wiih toluidine blue. Two sepals, two anthers, and the 
central gynoecium are visible, (J) Cross section of a ai/flower 
stained with toluidine blue. Two sepals and ihree anthers are visible 
as well as a gynophore (g) and a proliferating floral meristem (m) in 
the center of the flower. 
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fourth whori ceiis continue to proiiferace and give rise to 
additional primordia on the flanks of an indeterminate 
meristem (Fig. 2B.C). 

carpel factory leaf and floral morphogenesis defects 

c<2/"aftect$ the shape of most plant organs. As early as 9 days after 
development, caf seedlings can be recognized by the thinner 
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Fie 2. Wild-type and caf fourth whorl 
development. The three panels show , w.ld-type 
(w 0 floral meristem at stage 7 (Smyth et .1 1990). 
which has terminated in the development ot two 
carpel primordia (A), and two ctf floral meristems 
(B.C) showing excess cells in the center of the 
flower after the initiation of carpel primordia. In all 
three panels, the white arrow indicates the center of 
the flower, and the black arrow, a stamen. Bar in A 
(for A-C) is I0|jm. 




shape of the cotyledons and rosette leaves and a decrease 
in die overall size of the seedling (Fig. 3A.B). Mature 
rosette and cauline leaves are also thinner than wild type 
(Fte 3C) Secondary meristems. which normally anse from 
the axils of rosette leaves and cauline leaves, are almo 
Sways absent in chants (Fig. 3D-G) Decapitating plants 
does not induce the development of these menttems. 
.aieTestino that these meristems are missing or non- 
Konaf and not merely inactive. Roughly 10% of the 
te^s show severe defects. Some leaves are reduced to 
filamentous structures which resemble the petiole or m,dnb 
tissue but which lack leaf blade character (Fig. 3H). 
Intermediate leaves are also produced that have patches of 
blade tissue on the adaxial surface of a filamentous struc ure 
resembling the midrib (F,g. 31). SEM analysis oonRn»tt« 
these filamentous structures have surface features similar to 
wild-type petioles or midribs (lack of stomata and cells in 
regular files) (not shown). 

The first formed flowers are sometimes highly reduced 
(Fi<> 3J) Some consist of floral pedicels and very few 
sepal-like organs, while others are reduced to filamentous 
structures. The reduced flowers are primarily observed 
within the first 20 flowers. 

Some of the caf morphological defects can be traced to 
early defects in the development of meristems. Sunning 
electron microscope (SEM) analysis of 14-day^ld wiW- 
type and caf plants revealed that a small percentage of the 
developing caf floral meristems were smaller than wild- 
type ones (Fig. 4A,B). These smaller primordia probably 
correspond to the reduced flowers observed on more 
mature plants. Rowers produced by 30-day-old plants 
(after elongation of the inflorescence stem) i showed I fewer 
defects than those fttyn 14-day-old plants (Fig. 4C D). We 
also noted a slight increase in the size of the a£ apical 
meristem relative to wild type (Fig. 4A-D) - This size 
difference was confirmed by confocal analysis (Fig. 4E.r-). 

caf sepals develop in roughly the correct number and 
position, but are narrower lhan wild-type sepals (Fig. 
IA B). SEM analysis shows that the sepals are narrower 
than in wild type at the earliest stages of development (Fig. 
4C D). Though most caf petals are similar to wild-type 
petals (Fig. 1A,B). occasionally they are reduced to 
filamentous structures (not shown). All stamens contain a 
reduced number of pollen sacs. Approximately 80% of 
stamens have an anther consisting of two pollen sacs 
instead of the wild-type number of four, while the 
remaining 20% of stamens consist of a filament with no 




Fie 3 Morphological defects of ca/mutants. Nine-day-old wild-type (A) 
and caf (B) seedlings photographed at the same magnification. (Q Mature 
ot«f Ses from wi^ typT(bouom) and c</(top). Rosettes of »« type 
(D) and «./(E). White arrows show the axil of a rosette leaf and a stem. An 
axillary meristem has developed in this position in wild type but not m caf. 
Wild-woe (F) and «i/(G) cauline leaves showing an axillary menstem in 
wild type but not in caf. (H) Filament on a ca/plant in a position norma ly 
occupied by a cauline leaf. (I) c«/cauline leaf showing two patches of blade 
tissue on the adaxial surface of a filamentous structure resembling the 
midrib The arrow shows the midrib region lacking the leaf blade. 
(I\ Reduced flowers produced during the early development of caf 
inflorescences. White arrow shows a flower consisting of a pedicel and one 
filamentous organ. 




Fig. 4- Apical and floral meristem structure in wild type and caf. In 
14-day-old plants, wild-type (wt) meristems (A) are producing 
normal flowers, while some C d/ meristems (B) are producing highly 
reduced flowers. Arrows indicate an example of a ctf/primordium 
which has not initiated floral organ primordia. but which occupies a 
position where in wild type, sepal primordia have already developed, 
Apical meristems from 30-day-old plants of wild type (C) and caf 
(D). Black bar in A (for A-D) is 100 urn. Confocal laser 
scanning microscopy reveals thai in 14-day-old plants, caf 
inflorescence meristems are slightly larger than wild-type meristems. 
While wild-type meristems were 75±0 u.m in diameter, caf meristems 
were 84,6±3.0 jam (numbers are mean ± standard error where n=5). 
Bar in E (for E and F) is 50 \im. 

anther at all (Fig- 5A-C). Normal anthers containing 4 pollen 
sacs have not been observed. Some stamen primordia are much 
smaller than normal (see Fig. 2B). These smaller primordia may 
give rise to the antherless stamens observed in mature flowers. 
The structures produced in the fourth whorl of caf flowers are 
usually carpelloid or filamentous. The carpelloid organs range 
in phenorype from relatively normal but unfused carpels (Fig. 
5D) to filamentous organs tipped with stigmatic tissue (Fig. 5E). 
While caf pollen is functional, caf plants are female sterile. 

Genetic interactions of caf with mutations affecting 
floral meristem patterning 

We constructed double mutants of caf with several mutations 
affecting floral organ identity. ap&talal (ap2) mutations affect 
the identity of the first and second whorl organs. The ap2-l 
mutation converts the first whorl organs to leaves and the second 
whorl organs to staminoid petals (Bowman et al., 1989). The 
ap2-J caf double mutant has a phenotypc similar to that of caf 
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Fig. 5. Floral organ defects of caf mutants. (A) A wild-type stamen 
with four pollen'sacs (right), a reduced ca/stamen with two pollen 
sacs (middle), and an antherless caf stamen (left). (B) A cross section 
of a wild-type anther and (C) cross section of a caf anther containing 
two pollen'sacs. both at the same magnification. (D) A caf flower 
bearing two relatively normal but unfused carpels. (E) A caf flower 
containing filamentous organs tipped with stigmatic tissue. Bars in D 
andE, 100 urn. 

single mutants, except that it has a floral organ identity 
phenotype similar to that of ap2-J mutants (not shown). 
pistillata (pi) mutations affect the identity of the second and 
third whorl organs, converting the petals and stamens to sepals 
and carpels (Bowman et al, 1989). The pi caf double mutant 
shows an additive phenotype, exhibiting morphological 
characteristics and meristem over-proliferation defects of caf 
mutants but the floral organ identity phenotype of pi mutants 
(not shown), ag mutations affect the identity of the third and 
fourth whorl organs and cause floral indeterminacy, such that 
ag flowers produce sepals in the first whorl, petals in the second 
and third whorls, then a new flower showing the repeating 
pattern (sepals, petals, petals) n (Fig. 6A; Bowman et aL, 1989). 
The ag caf double mutant has a phenotype similar to caf single 
mutants throughout most of the plant. However, interior to the 
first whorl sepals ag-1 caf double mutant flowers contain only 
petals (Fig. 6B). This phenotype is reminiscent of sup ag double 
mutant flowers (Bowman et al., 1992; Schultz et al.. 1991), 
which also contain only petals in the inner whorls. In summary, 
the double mutants of era/ with the floral homeotic mutants ap2* 
Lpi-L and ag-1 show a largely additive phenotype; that is. they 
display the floral meristem over-proliferation phenotype 
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characteristics of the caf mutant, but also show floral 1 organ 
^specification in a manner similar to that seen in the floral 
homcotic single mutants. , . . c 

We also combined the caf mutation with other mutations thai 
affect floral organ number, sup mutant flowers display extra cell 
proliferation in the developing third whorl resulting m the 
production of an excess number of stamens (Fig. 6C Bowman 
et al 1992; Schultz et al., 1991). sup-1 caf double mutant 
flowers show greatly enhanced gynophore development and 
floral indeterminacy (Fig. 6D). After producing the organs in 
the first three whorls (arrow), double mutant flowers produce 
many staminoid, carpelloid, and leaf-like organs. Thus, SUP 
and CAF appear to be partially redundant in their control of 
floral determinacy. The cM-2 mutant has an enlarged apical 
merisiem and enlarged floral meristems that produce an excess 
number of organs in all of the floral whorls (Fig. 6E; Clark 
et al., 1995). Additionally, c/v5-2 plants often produce 
extra whorls of carpels interior to the fourth whorl (Clark 
et al 1995). clv3-2 and caf exhibit an essentially additive 
interaction with respect to vegetative development. c/vJ-2 
ca/plants have enlarged apical meristems (similar to clvj- 
2 single mutant plants) and produce few secondary 
meristems (similar to caf single mutants) (not shown) 
However, clv3-2 caf flowers exhibit an enhanced floral 
indeterminacy phenoiype, producing a bouquet of 
stamens, carpels, and filaments (Fig. 6F). 

CAF cloning 

caf was isolated from a screen of Agrubacterium T-DNA 
insertion mutants (Feldmann, 1992). After 3 back crosses 
of caf to wild-type Landsberg erecta (Ler) plants, a single 
kanamycin resistance locus cosegregated with the : caf 
phenotype, suggesting that CAF was tagged wi^ a T-DNA 
element. To isolate plant sequences flanking the T-DNA, we 
oenerated a caf genomic lambda library and screened for 
clones containing homology to the right border of the T- 
DNA. A clone was isolated that contained homology both 
to the right border and to plant genomic DNA. Southern 
blot analysis showed that this plant DNA cosegregated with 
the ca/phenotype. Plant DNA flanking the T-DNA insertion 
was used to probe a cDNA library, and twelve hybridizing 
clones were found. One of these clones (cDNA8; 2.5 kb in 
length) was sequenced, and found to contain a long ORF, 
followed by a 76 base pair 3' untranslated region, and a short 
poly(A) tail. PCR analysis showed that of the other 11 
cDNA clones, three had 5' ends which were at a very similar 
position while eight were somewhat shorter. To determine 
the 5' end of the CAF RNA, we performed 5' RACE and 
found additional sequences that extended the ORF. Two 
additional rounds of RACE were performed using primers 
progressively closer to the 5' end of the full length RNA. 
The° resulting predicted RNA of 5815 nucleotides 
(Accession number. AF 1873 17) contains an ORF of 1909 
amino acids (Figure 7A). An in-frame stop codon in the 
genomic sequence nine nucleotides upstream of the 
predicted RNA sequence suggests that the first methionine 
shown in Fig. 7 is the start of translation (see Accession 
number AC007323 for the complete genomic sequence). 

A cosmid clone (CosA) with homology to CAF was 
isolated and transformed into wild-type plants, and the 
resulting transgenic plants were crossed to caf mutant 



plants This cosmid fuiiy complemented the caf mutant floral 
phenotype (Fig. 7B), as well as all other caf phenoiypes (not 
shown). To determine the genomic sequence of LAt, three 
adjacent EcoRI fragments were subcloned from CosA and 
sequenced. These frasments contained 8603 bp of genomic 
sequence comprising the entire CAF coding region and 
sequences upstream and downstream. The sequence predicts 
that the CAF coding sequence is interrupted by 19 relatively 
small introns- One of the fragments contained the junction 
between the putative CAF promoter and the cosmid cloning 
vector The distance from the vector junction to the 5' end of 
the predicted RNA sequence was 675 bp. Since this cosmid 
complements caf this suggests that all of the relevant 5' 
promoter sequences are contained within this 675 bp region. 
48 bp downstream from the 3' end of the CAF cDNA sequence 
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Fig. 6, agamous-I caf, superman- J caf and clavata3-2 ca/double mutants. 
(A)" An ag-J single mutant flower showing sepals (red arrow) in the inner 
whorls. (B) An ag-J caf double mutant flower showing only petals in the 
inner whorls. (C) A superman-] mutant flower. (D) A sup- 1 caf double 
mutant flower showing greatly enhanced gynophore development and floral 
indeterminacy. After producing the organs in the first three whorls (arrow), 
double mutant flowers produce many staminoid, carpelloid, and filamentous 
organs. (E) c/vJ-2 single mutant flowers, showing extra organs in all 
whorls. (F) to/* flowers exhibiting enhanced floral indeterminacy. 
Arrow shows the position of the first three whorls. 
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was a sequence identical to a 3' EST clone with homology to 
pyrophosphatase (EST Z29202), suggesting that there are only 
47 bp between the 3' end of the CAF gene and the 3 end of 
the adjacent gene. Using restriction fragment length 
polymorphism mapping, we mapped the CAF gene to the top 
of chromosome one (Fig. 7C). I0| , ynn 

The T-DNA insertion in the ca/ mutant lies in the 19th exon 
of the CAF gene, and thus separates most of the CAF gene from 
part of the I9th exon. the 19th intron, and the 20th exon. This 
truncates the predicted CAF protein at amino ^acid number 
1836, replacing the last 73 amino acids of CAF w.th eight 
amino acids from the T-DNA sequence (Fig. 7A). 

Similarity of CAF with helicase and RNAse III like 
sequences 

Analysis of the predicted CAF sequence with PSORT (Nakai 
and Kanehisa, 1992) suggests that CAF is a nuclear protein, 
which contains two putative bipartite nuclear localization 
signals (underlined in Fig. 7A). The sequence of CAF shows 



extensive similarity along most of its length to a predicted 
protein of 1374 amino acids in Schizfuacchanmyces pombe 
(C8A4 08C) and a predicted protein of 1822 amino acids in 
Caenorhabditis ekgcins (K12H4.8), both of unknown function. 
Relative to these proteins, CAF contains an N-terminal 
extension of 238 amino acids which contains a high content of 
charged residues (Fig. 8A). In the N-termina! region, these 
three predicted proteins show similarity to each other _(an 
average of 34% identity) and to a number of DExH and DEAD 
box type RNA and DNA helicase proteins belonging to 
helicase superfamily II (Fig. 8B; Gorbalenya et al., 1989: 
Gorbalenya and Koonin, 1993). The database entries most 
similar to these helicase domains were three predicted proteins 
from three different completely sequenced archaebactenal 
species, one predicted protein from Saccharomyces cerevisiae, 
and two predicted proteins from C. elegans, all of unknown 
function. These sequences represent a distinct family within 
helicase superfamily II, being much more similar to each other 
than to other proteins of the DExH and DEAD type [so named 
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Fig. 8. Similarity of CAF with heiicasc and RNA.se ill like sequences. 
{nilHDIHHI < A ) Schematic of the domain structure of CAF and two similar predicted 
.sequences from 5. pombe (C8A4.08C; Accession no. Q09884) and C 
eiegans (KI2H4.8; Accession no. P34529). Hatched box denotes an N- 
cerminal CAF sequence with a high content of charged residues that is 
not found in the other two proteins. Stippled bows denote the 
ATPase/Helicasc domains. Vertically hatched boxes denote the RNaselll- 
likc domains, which are duplicated in all three predicted proteins. Black 
boxes denote the double stranded RNA binding domains, which are 
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RNA binding proteins (Fig. 8D; Kharrat ei a!., 1995). CAF 
contains a duplication of this dsRNAbd, which is not found in 
any of the other known RNaselH-like proteins (Fig. 8A,D), The 
most C-terminal of these putative dsRNAbds is disrupted by 
the insertion of the T-DNA in the caf mutant, indicating that 
this sequence is necessary for wild-type CAF function. 

CAF RNA expression 

To test whether CAF is a single copy gene in Arabtdopsis, or 
is a member of a family of closely related genes, we performed 
DNA blot analysis with probes from both the helicase and 
RNaselll domains. Under high stringency conditions, both 




Fig. 9. CAF RNA species in wild-type and of/mutant plants. A 
Northern blot containing 2 |Ag of poly(A) RNA from caf mutant 
plants (caf) or wild-type plants (wt) was hybridized with a probe 
from the 5' end of the CAF RNA (helicase probe; see Materials and 
Methods) and exposed for 1 1 days. The same blot was stripped, 
exposed for 13 days to ensure that no signal remained, and then 
hybridized with a probe from the 3' end of the CAF RNA (RNaselll 
probe; see Materials and Methods), and exposed for 8 days. Size 
markers shown are from an RNA ladder which was run on the same 
gel (Boehringcr Mannheim RNA Molecular marker I). 

for the conserved residues DExH and DEAD, with x 
representing any amino acid (Gorbalenya, et aL 1989)]. Fig. 
8B shows an alignment of CAF and the related sequences 
along with eIF-4A and VASA, two RNA helicase proteins of 
the DEAD box type. CAF contains sequence similarity within 
all seven of the most conserved domains present in these 
DEAD/DExH proteins (Fig- 8B; Gorbelenya et al., 1989). 
These include domains I and II which are present in a wide 
variety of ATPases, and domains HI through VI which are 
specific to helicases. Mutation analysis has shown these 
domains to be important for ATPase and/or helicase activity 
(reviewed by Gorbalenya and Koonin. 1993). 

The middle portion of the CAF protein (amino acids 780- 
1344) shares dispersed sequence identity with the above 
mentioned S. pombe (C8A4.08C; 2 1 % identity) and C elegans 
(K12H4.8; \&% identity) sequences, but is not similar lo other 
known proteins. However, CAf and these two related proteins 
contain a C-terminal domain with sequence similarity to each 
other (average of 31% identity), to several bacterial and yeast 
RNAse III proteins (Nashimoto and Uchida, 1985; Elela et al.. 
1996; lino et al, 1991; Xu et al., 1990) and -to predicted 
proteins from a number of species, including A. thaliana, 5. 
pombe and C. elegans (Fig. 8C). CAF, C8A4.08C K12H4.8 
and another predicted protein from C elegans (RNC_CAEEL) 
each contain adjacent duplicated domains with similarity to the 
RNaselll catalytic domain (Fig. 8A, C). These sequences 
contain two absolutely conserved residues which are the sites 
of inactivating point mutations in E. coli RNase III (Court, 
1993). At the extreme C terminus, these proteins contain 
domains similar to double stranded RNA binding domains 
(dsRNAbds) found in RNaselll and in a variety of additional 




Fig. 10- CAF RNA expression pattern. Sections of inflorescences or 
seedlings were hybridized with either a CAF antisense probe (A-D) 
or a control CAF sense probe (E). and exposed for 30 days. 
(A) Bright-field photograph of a longitudinal section of an 
inflorescence mcristem bearing flowers on its flanks. (B) Dark- 
neld/bright-rield double exposure of the name section showing the 
expression pattern of CAF. Yellow spots represent silver grains 
exposed by the 35 S-Iabeled CAF probe, (C) Bright-field photograph 
of a longitudinal section of a 7.5-day-old seedling showing the apical 
meristem and developing leaves on it.s flanks. (D) Dark-fteld/bright- 
fleld double exposure of the same section. (E) Dark-ncld/bright-ficld 
double exposure of a 7.5-day-old seecll ing showing the background 
level or" signal from the sense probe. A 11 photographs were taken at 
the same magnification. 



I I Hi cLWW 1 1 : eta rR I I o I I 11131 



dTj 33fl *-* 3d.O TO 1 / l^dO^I 113 




probes detected only the restriction fragments predicted by the 
CAF genomic sequence (see Materials and Methods). These 
results show that CAF is single copy in the Arabidopsis 
genome, and that under these conditions, the probes used are 
specific for the CAF gene. 

To analyze the expression pattern of CAF, RNA blot analysis 
was performed with probes to both the helicase and RNaselll 
domains. The helicase probe detected an RNA of 
approximately 6.2 kb, consistent with predictions from the 
cDNA and genomic sequences (Fig. 9A). However, the 
RNaseill domain detected two RNA species, a 6.2 kb RNA and 
an additional 2.5 kb RNA (Fig. 9B), Thus CAF produces two 
predominant RNA species, one apparently encoding the full 
1909 amino acid protein containing both the helicase and 
RNaselll like domains, and one containing only the RNaselll 
domain. Neither the 6.2 kb nor the 2.5 kb RNA species were 
detected in RNA extracted from the caf mutant. Instead, two 
larger transcripts of approximately 4.8 kb and 8.7 kb were 
present (Fig. 9A,B), presumably because transcription of the 
mutant caf gene extends into the T-DNA and adds 
approximately 2,4 kb to the size of each of the two major RNA 
species. The abundance of these aberrant caf mutant RNAs is 
similar to that of the wild-type CAF RNAs. 

Results from RNA blot and RT-PCR experiments indicate 
that these two transcripts are present in vegetative tissue (leaves 
and stems) from 2-week old plants, and present in 
inflorescence tips from 4-week old plants (data not shown), 
suggesting that CAF RNA may be expressed ubiquitously 
throughout the shoot. To confirm these results and to test 
whether CAF could be expressed in a cell layer-specific 
manner, in situ hybridization experiments were performed 
(Fig. 10). A low level of CAF RNA was found in all cells of 
the apical and floral meristems, and in the flowers, cauline 
leaves and stems. Thus CAF RNA is expressed evenly 
throughout most shoot tissues. This expression pattern is 
consistent with the caf mutant phenotype t in that most shoot 
tissues show some defect in the mutant. 

DISCUSSION 

The caf mutant was initially chosen for study because of its 
dramatic defect in floral meristem deierminacy. caf mutants 
exhibit over-proliferation of the floral meristem, such thai 
flowers contain excess numbers of stamens and carpels. The caf 
mutant phenotype is distinct from that of the ag mutants, which 
also show reduced floral deierminacy. Whereas ag mutations 
cause a reiteration of the floral program so that flowers show a 
repeating pattern of sepals and petals, caf flowers show 
unregulated cell division in the center of the flower, but show 
normal floral organ identity, caf mutants are also defective in 
other aspects of plant development, ca/mutant plants lack nearly 
all of the axillary inflorescence meristems normally found in the 
wild type, and possess abnormally shaped cotyledons, leaves, 
sepals, stamens and carpels. Thus the wild-type CAF gene plays 
a role in specifying the determinate growth of the floral 
meristem. but also functions in the specification of axillary 
meristems and in the morphogenesis of organs. 

It seems possible that the morphogenesis defects seen in the 
caf mutant could be explained as a secondary consequence of 
the defect in caf apical and floral meristem structure, in which 
case, one might expect that CAF activity could be localized to 
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the meristems. However, we find that CAF RNA is evenly 
expressed throughout most shoot Tissues, including apical and 
floral meristems, floral organs, stems and leaves. CAF is 
expressed in actively dividing cells at roughly the same level 
as in differentiated ceils. Thus it seems more likely that CAF 
may act in flowers to pattern meristem determinacy, and act 
separately in other tissues to promote the proper development 
of axillary meristems, leaves and floral organs. However, it is 
still possible that the different floral and vegetative 
abnormalities found in caf are mechanistically related. For 
instance, one could interpret many of the vegetative and floral 
phenotypes as being losses in cell division control, with too 
much cell division giving rise to the extra carpels and roo little 
cell division contributing to a lack axillary meristems and the 
reduced size of leaves, flowers and anthers. 

The mutant allele of caf that we have studied, which is the 
only mutant allele known, seems unlikely to be a complete 
loss-of-function mutation. First, northern blot experiments 
show that the CAF RNA is expressed at a normal level in the 
caf mutant. Second, the T-DNA insertion in cafh predicted to 
prematurely truncate the CAF protein at amino acid number 
1836, replacing the last 73 amino acids of CAF with eight 
amino acids from the T-DNA. This would leave 96% of the 
CAF protein intact in the mutanr. Third, in several mutant 
screens carried out in our laboratory for mutations affecting 
floral structure, we have failed to find additional caf alleles" 
Thus, it is possible that stronger alleles of caf might have a 
lethal phenotype, or have a phenotype that would not have been 
detected in our screens. Given that CAF homologues exist in 
fungi and animals, it seems likely that CAF may carry out a 
conserved cell biological function (since plants and animals 
arrived independently at multiceilularity), and therefore that 
CAF could be an essential gene, strong mutations in which 
might lead to a lethal phenotype. Thus the caf mutation 
described here may be a weak allele which uncovers CAF*% 
role in the regulation of cell division in floral meristems. 

The genetic interactions of caf with other floral mutations 
support a role for CAF in controlling floral meristem 
proliferation. The double mutant phenotypes of caf combined 
wuh the floral homeotic mutants ap2*I, pi-1, arid ag-I are 
roughly additive. However, caf shows a synergistic interaction 
in combinations with two other mutations, sup-1 and ctv3-2, 
which increase cell proliferation in floral meristems, but which 
do not seem to directly control organ identity. Epistasis was 
not found in the double mutant combinations of caf with sup 
or clv3 mutations, suggesting that CAF may, at least in part, 
control meristem activity through a mechanism somewhat 
different than that of SUF or CLV3. 

The ca/mutant phenotype resembles that of the sup mutants, 
in two ways. First both types of mutations cause an increase in 
the number of stamens and carpels (Gaiser et al„ 1995; 
Jacobsen and Meyerowirz, 1997). Second, in an ag mutant 
background, both mutations cause a conversion of the inner 
whorl sepals to petals. The caf and sup mutations differ srearly 
however in their effects outside of the flower. Whereas the caf 
mutation affects the morphogenesis of most of the organs of 
the shoot, the sup mutations have no detectable effect on the 
development of non-floral tissues. 

The N terminus of the predicted CAF protein is .similar to 
DEAD/DExH type helicase/ATPase proteins from a number of 
organisms. CAF and these related proteins (all of unknown 
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function) form a new family of relaied sequences within the 
helicase superfamily H (Gorbalenya et aL 1989; Gorbalenya and 
Koonin, 1993). eiF-4A is the founding member of the DEAD box 
RNA helicase family and is thought to function in unwinding 
mRNA during translation^ initiation (Nielsen et aL, 1985; Rozen 
et aL 1990). VASA is a Drosophila DEAD protein which is 
required for the formation of posterior pole plasm (Lasko and 
Ashbumer, I98K: Hay et aL. 1988). It acts as a positive regulator 
of oskar RNA translation (Webster ct aL, 1997 and references 
therein), and is required for proper localization and translation of 
nemos RNA (Gavis ct aL, I Both eif-4A (in combination 
with another factor, eif-41*) VASA have been shown ro 
possess ATP-dopcndent RNA lielicasc activity in vitro (Rozen et 
aL, 1990; Liang, et aL, I9«M). Other hclicase-related proteins are 
known to be involved in mUNA splicing (reviewed by Kramer, 
1996). For instance, PRP2, :i I>HA1I type protein, is thought to 
activate the pivcaiulytic spliceosomc (Kim and Lin. 1996). RAD3 
is a DEAH family hclicasc-liKc pruiein, which acts in DNA repair 
and has DNA-ilcpendem ATI'hw and DNA helicase activity 
(Harosh and Dcschavannc. IWD- Another DEAD protein 
appears to regulate entry in*<> initosis in Schizosaccharomyces 
pombe (Warbrick and Clover, I Other functions ascribed to 
helicase proteins include rRNA processing (Kressler et aL, 1997), 
mRNA stability (lost ami Dreyfus, 1994), and mRNA 
degradation (Anderson ami Pnrker, 1996). Given the diverse 
functions of helicase proteins, il i* difficult to predict a specific 
function for the helicase domain of CAR however, it is likely that 
this domain participates in nucleic acid dependent ATPase 
activity and may act to unwind UNA or DNA. 

The C-icrmiual portion of C'Al ; and the related S. pombe 
(C8A4.0SC) and C. elryots (KI2H4.8) proteins contain 
homology (o RNaselll proteins. Relative to the RNaselll 
proteins from bacteria and yeas!, these proteins have a 
duplication of ihe putative KNasc catalytic domain, followed 
by either one or two double siraiuiod RNA binding domains 
(dsRNAbds). KNaseill proteins cleave specific regions of RNA 
that form base-paired siem-hx>|> simciures (reviewed by Court. 
1993). Though RNaselll cleaves only particular RNAs, the 
sequence requirements for this specific cleavage are unknown. 
In E. cali* RNase HI is involved in the processing of ribosomal 
precursor RNAs and certain mRNA molecules (Court, 1993). 
In 5. cerevhuic. RNaselll proteins are known to process rRNAs 
and small nuclear RNAs (lilcla ct aL, 1996; Chanfreau et aL, 
1997; Roiondo et aL, 1905). Unlike other known RNaseM 
proteins* including the homologous C elegans and S. pombe 
proteins. CAI ; contains a second putarive dsRNAbd. This 
putative dsRNAbd is essential lor wild-type CAF function 
since disruption of this sequence by the insertion of the T-DNA 
results in (he vat mutant pheuoiype. The altered structure of 
CAF relative u> RNaselll, and die fact that the other RNasem 
homologies known to be present in A. thaliana do not contain 
helicase domains, suggest that CAF may have a different 
function than the bacterial ami yeast RNaseM proteins. 

Given its homology to both RNA helicase proteins and 
RNaselll proteins, it seems likely that CAF acts as an RNA 
processing enzyme. Extrapolating from the known functions of 
RNA helicase proteins and RNaselll proteins, and considering 
that CAF is predicted to reside in Ihe nucleus. CAF could act 
in processes such as mRNA stability, mRNA splicing, rRNA 3' 
end maturation, or snRNA processing. The helicase and 
RNaselll domains may act together to process RNAs, with the 



helicase possibly acting to unwind or facilitate the recognition 
of RNAs which are then cleaved by RNaselll. Indeed, precedent 
for the association of helicase and RNAse proteins already 
exists; the DEAD box protein RhlB exists in a complex (the 
degradosome) with the endonuclease RNase E and the 3' to 5' 
exonuclease polynucleotide phosphorviase (reviewed by 
Anderson and Parker 1996). Since CAF-iike proteins are .found 
in the genomes of C elegant and S. pombe, this suggests that 
CAF may cany out a similar function in all three kingdoms. 

It is not clear how the 2.5 kb and 6 kb transcripts of CAF 
are derived. One possibility is alternative splicing. However, in 
our PCR-RACE experiments we did not detect chimeric 
transcripts containing upstream exons, as might be expected if 
exon skipping were occurring. A second possibility is that the 
full length RNA is cleaved, and that only the 3' cleavage 
product stably accumulates. Indeed it is tempting to think that 
the CAF protein itself could participate in such a cleavage 
reaction. However, analysis of the RNA structure in the caf 
mutant suggests that the CAF RNA processing still occurs, 
since both a large and a small transcript accumulate (Fig. 9)' 
Thus, if CAF does process its own transcript, the second 
dsRNAbd probably does not play a role in this process, as this 
is absent in the caf mutant. A third alternative is that the CaF 
gene contains two promoters, one that initiates at the beginning 
of the gene and another that initiates in the middle. This would 
be consistent with the observation that smaller transcripts with 
homology to the 5' helicase domain are not detected. 

Why does mutation of the putative CAF RNA processing 
enzyme result in the observed loss of control of cell division 
seen in ca/mutant floral meristems? One possibility is that CAF 
is an mRNA processing en2yrne, and that the caf mutant 
phenotype results from the misre^ulation of one or more 
specific mRNAs.. at least one of which plays a major role in the 
control of floral meristem determinacy. CAF would likely affect 
the processing of additional RNAs as well, which are important 
in other processes throughout the plant, such as those needed 
for the proper specification of the normal number of pollen sacs 
in an anther, for the specification of the axillary inflorescence 
meristems, and for the proper shape of most organs of the shoot. 
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